INTRODUCTION
The ability of the kidneys to concentrate urine is impaired in several clinical disorders in which blood flow and oxygen supply to the kidney is reduced (1) . Since concentrating capacity is largely a function of the renal medulla, it has been suggested that a portion of the energy supply of the medulla, necessary to pump sodium out of the ascending loop of Henle and thus contribute to the concentrating process, is dependent on oxidative metabolism (2) . On the other hand, it is quite Dr. Weinstein was a Research Trainee, Metabolism Training Grant AM-5015, U. S. Public Health Service.
Received for publication 14 April 1969 and in revised form 6 June 1969. clear that the inner medulla of the kidney in most species is poorly equipped with mitochondria and oxidative enzymes (3) and derives much if not all of its energy from glycolysis (4, 5) . The extent to which the concentrating function of the kidney depends upon oxidative processes is therefore uncertain.
An attempt was made to answer this question in the present experiments by inhibiting oxidative metabolism in the kidney of the dog with the infusion of cyanide into its renal artery. This resulted in a profound fall in concentrating capacity (TCH.2o) that could not be accounted for by the accompanying solute diuresis. The data indicate that concentrating ability is closely tied to oxidative metabolism in the kidney, and it is suggested that the region where this is critically important is the red medulla and the thick ascending limb of Henle's loop.
METHODS
Experiments were performed on male and female mongrel dogs (10-27 kg) which were fed a regular diet, supplemented by 0.5 lb. of meat daily. The animals were anesthetized with sodium pentobarbital (36 mg/kg) intravenously, and then studied under conditions of osmotic or water diuresis for measurement of TCao or CHo, re- spectively.
In the first set of experiments (six dogs) a constant infusion of 0.5%o inulin and 20 U of aqueous vasopressin in 1000 ml of normal saline was begun at 1.0 cc/min and continued throughout the experiment. After bilateral flank incisions through which both ureters were cannulated with polyethylene tubing, a 23 gauge needle connected to plastic tubing was inserted in the direction of flow into one renal artery (usually the left) near its origin at the aorta. Isotonic saline was infused at a constant rate of 0.5 cc/min through this needle via a Harvard infusion pump (Harvard Apparatus Co., Inc., Dover, Mass.). To minimize the influence of changes in solute excretion per se on Tempo, the experiments were conducted against a background of moderate mannitol diuresis produced by infusing a 5%o solution of mannitol in 0.9% saline at 5 0 cc/min throughout the experiment. T'Ho had thus reached a plateau at the time that cyanide was given. Urine was collected from each ureter at intervals of 10-15 min and serum sampled at the midpoint of alternate collection periods. Once constant urine flows were achieved (usually within 1-2 hr after starting mannitol), the experiments were subdivided into four parts of at least three clearance periods each. Part I: Control clearances with 0.9% saline infused into the renal artery at 0.5 cc/min. Part II: A 12 mm solution of NaCN dissolved in normal saline was infused into the renal artery at 0.5 cc/min. This delivered 6,moles of NaCN/min to the infused kidney. In two animals the rate was subsequently doubled to deliver 12 ,umoles of NaCN/min. Cyanide could not be infused more rapidly than that for any prolonged period without killing the dog. Part III: Normal saline was reinfused into the renal artery. Part IV: While continuing the normal saline infusion into the renal artery, the intravenous infusion of mannitol in saline was increased to 16.2 cc/min to increase osmolar clearance and produce a solute diuresis. The second set of experiments (six dogs) was performed under conditions of water diuresis using hypotonic glucose. The protocol was similar to the first set of experiments with the following exceptions. No pitressin was used, and mannitol in saline was replaced by 2.5% glucose in water. This was infused intravenously, first as a loading dose designed to deliver 5-10% of the body weight in 60-90 min, then slowed to exceed urinary losses slightly. A minimum of 2 hr elapsed before urines became hypotonic and clearance measurements were begun. These experiments were subdivided into three parts, with infusions into the renal artery as described above. Parts I and III served as controls, and during part II NaCN was infused at 6 or 12 gmoles/min. It seemed possible that renal vasodilatation and the consequent increase in renal blood flow produced by cyanide might be responsible for the changes in concentrating capacity we observed. Accordingly, similar experiments were carried out in which acetylcholine was infused into the renal artery (Table VI) . The increase in renal plasma flow produced by acetylcholine (from 168 +22 to 277 +25 ml/min) was comparable to that induced by cyanide, and, as with cyanide, systemic blood pressure did not change appreciably. There was a slight increase in urine flow, osmolar clearance, and sodium excretion. GFR was not significantly altered. In contrast to the striking reduction in concentrating ability produced by cyanide, TCH.-o was not significantly changed by acetylcholine.
DISCUSSION
The importance of oxidative processes in the metabolism of the renal medulla is a matter of some controversy, though it is generally conceded that the major fuel of the medulla is glucose, and the predominant metabolic process is glycolysis (4, 5) . Mitochondria and mitochondrial enzymes of oxidation are found in much greater abundance in the cortex than in the medulla (3, 10) . Nevertheless, some mitochondrial material is present in cells lining the thin loops of Henle (10) , and some oxygen is presumably utilized by the medulla in vivo, to account for the lowered partial pressure of oxygen at the tip of the renal papilla (11) and in the urine (12) . Although slices of medulla convert glucose almost quantitatively to lactic acid (4, 5) , a small uptake of oxygen can be demonstrated in vitro (2) . Interestingly enough, in the intact kidney of the hamster, only 25% of the glucose disappearing from vasa recta blood in its journey through the medulla can be accounted for by the appearance of lactate (13) . An important difference between studies of kidney slices in vitro and of whole kidneys in situ is that under the latter circumstances, the tubules are perfused by glomerular filtrate and transport sodium actively while in slices the tubular lumen is collapsed and tubular reabsorption of sodium is minimal. It seems possible, therefore, that oxygen utilization by medullary tissue might be more prominent in the intact kidney than in kidney slices. Windhager was able to abolish the intraluminal electrical potential in the ascending limb of Henle's loop in the intact kidney of hamsters by perfusing the tubule with potassium cyanide to inhibit oxidative metabolism, as well as by perfusing with iodoacetate, an inhibitor of glycolysis (14) . Cyanide might thus be expected to inhibit the formation of a concentrated urine by interfering with the active transport of sodium out of the loop of Henle, upon which process the osmotic gradient between cortex and medulla depends. While some part of the action of cyanide in reducing renal concentrating capacity may-have been localized to thin loops of Henle in the papilla (white medulla), it seems reasonable that a major effect was on the thick ascending limbs of the loop, located in the red, or outer, medulla. Cells of the thick ascending limb are well supplied with mitochondrial and mitochondrial oxidative enzymes (15) . Slices of the outer medulla of the dog utilize oxygen actively, and are similar in this respect to cortex, rather than to inner medulla (16) . It is in the outer medulla that the largest increment in tissue concentration of sodium is observed along the gradient from cortex to papillary tip (17) , and it is probably here that the major portion of sodium reabsorption responsible for TCwo is carried out. Inhibition of oxidative metabolism driving the active transport of sodium in this part of the kidney should therefore reduce T020o, as we observed. A diminution in diluting ability might also be predicted. In the present experiments, small decreases in free water clearance were seen after the infusion of cyanide. These must be interpreted in light of the associated solute diuresis caused by cyanide. Increased delivery of proximal urine to distal portions of the nephron usually results in an increase in CH2o proportional tothe increase in urine volume (9) . The fall in CHm2o/V seen after cyanide indicates that the diluting capacity of the thick ascending limb and distal convoluted tubule had been substantially impaired by the infusion.
Though cyanide is an inhibitor of many enzymes, especially those containing heavy metals, its predominant effect in the concentrations used here is probably on cytochrome oxidase, which is exquisitely sensitive to inhibition by cyanide (18) . Cyanide and other inhibitors of electron transport like azide, amytal, ubiquinone, and hydroxylamine have been shown previously to inhibit sodium reabsorption and oxygen consumption by the kidney (19) (20) (21) (22) . A major site of action is in the proximal tubule (21) , although Herms and Malvin deduced from stop-flow studies that cyanide retarded sodium transport in the distal portion of the nephron as well (22) . Herms and Malvin also reported that urinary osmolality was decreased when cyanide was infused into the renal artery of dogs, but it was not clear from their experiment whether this might not have been a result of osmotic diuresis, an explanation excluded by the present data.
The effect of cyanide to reduce renal vascular resistance and increase renal blood flow might conceivably have changed concentrating ability by increasing the rate at which sodium was removed from the medulla by the circulation, thereby interfering with the development of a corticomedullary concentration gradient for sodium. This explanation seems unlikely because acetylcholine, which has a similar vasodilating action when infused into the renal artery (23), did not reduce TCE2o.
The concentrating function of the kidney is evidently dependent on both glycolytic and oxidative processes. Inhibition of anaerobic glycolysis in vivo is known to reduce urinary osmolality without greatly changing the excretion of sodium (22) . The present experiments indicate that renal concentrating ability can be profoundly disturbed if oxidative metabolism of the kidney is inhibited. The results are relevant to certain clinical situations in which blood flow and oxygen supply to the medulla may be selectively reduced and concentrating ability appears to be disproportionately affected. Examples include sickle-cell anemia (24) and hydronephrosis (25) . Despite the well-known capacity of the papilla for glycolysis, oxidative metabolism must proceed unimpeded if the concentrating function of the renal medulla is to operate efficiently. Selective ischemia of the medulla probably impairs the formation of a concentrated urine by interfering with the production of energy derived from oxidative processes for use in the active transport of sodium by cells of the thin and thick portions of the ascending limb of Henle's loop.
